Abstract Logistics networks need to handle globally growing transportation volumes in cost efficient and sustainable configurations. This research explores the impact of the oil price on the optimal degree of centralization of logistics networks through the fluctuation of transportation costs. The impact of the degree of centralization on greenhouse gas emissions of transportation is evaluated. Investigations are conducted by means of a model consisting of logistics network, logistics costs, carbon dioxide emissions and an empirically determined relationship of oil price, fuel price and transportation costs. First, the dependency of transportation costs in European road transports from oil prices is derived. Then, the optimal configuration of the logistics network is determined for a range of oil prices. Sensitivity analysis on the value of traded goods is performed. Results show an existing dependency of the European logistics network structure limited to oil prices above 150 USD/barrel. Dependency on the oil price increases for high-value goods compared to low-valued goods. Carbon dioxide emissions diminish with lower centralization degree, as an effect of lower total transport distance.
Introduction
Worldwide population and the internationalization of national economies are on the rise and boost energy consumption as well as trade. At the same time, customer's time sensitivity and heterogeneous demand lead to the disaggregation of B2B and B2C shipments. Companies apply new business concepts like e-commerce and virtual enterprise, in order to cope with these challenges. Customized goods are offered at any time and can be delivered to virtually any place worldwide within days. Integration and interaction of companies create complexity and dependency on efficient and reliable logistics. Consequently, transportation volumes increase and logistics gain in importance [1] .
Between 2000 and 2008, freight transportation in the EU increased by 17%. Whereas freight transports grew by 2% annually, road transports increased by 2.7% annually in the same period. Domestic sea freight excluded, the share of road transports in total freight transportation reached 72.5% in 2008 accounting for 26.7% of total final energy consumption in the EU-27 [2] .
Energy supply in Europe depends highly on imports. Between January and August 2010, Europe imported roughly 2,000,000 barrel (bbl) of crude oil worth around 154 billion USD [3] . Thus, fuel consumption in transportation is not only important for the logistics industry but also of interest for the entire national and international economic relationships.
The crude oil price is influenced by key factors related to politics, economy, technological development and the environment. These factors include the growth rate of economies, exchange rates, use of regenerative energies, exploration of new oil sources as well as risks like accidents, war and natural disasters [4] . Their interplay causes uncertainty about the future development of the oil price, making its prediction a very hard task. As to demand and supply, both rising demand from emerging countries, and uncertainty about accessible resources at the sources play a key role on crude oil market development. According to the peak oil theory, availability of crude oil is limited and production will not keep pace with demand on the long run [5] .
As crude oil and its derivatives become incrementally scarce, their market price shows a high volatility. In 2008, it reached more than 145 USD in July and dropped to less than 40 USD 5 months later. In 2011, its price rose by 25% within 4 weeks [6] . A reason might have been the uprising in Arabia. However, models based on supply and demand of crude oil provide neither explanation of historic oil prices nor estimation of the future oil prices [7, 8] .
Another effect of increasing transportation volumes is the emission of greenhouse gas. Anthropogenic greenhouse gas emissions provoke global warming and climate change according to the prevailing scientific belief. Carbon dioxide (CO 2 ) is the most prominent greenhouse gas. Between 2000 and 2007, total annual CO 2 emissions in the EU-27 increased by 1.9%. In the transportation sector, 1 however, the emission of CO 2 increased by 7.2% [2] .
Logistic activities use warehouses or transshipment facilities to constitute logistic networks, which enable the regional consolidation of transports for different customers and from different suppliers. Through freight consolidation, the utilization of the means of transportation can be increased, and therefore, overall transportation distance as well as CO 2 emissions can be reduced.
Research design and objectives
This paper studies the influence of the oil price on the structure of logistic networks through the impact of transport costs on overall logistic costs. Furthermore, it quantifies the indirect effect of the oil price on the network ecological footprint through the amount of CO 2 emissions. Therefore, a representative distribution network for a European retailer is modeled, and several network scenarios are studied.
Retail distribution networks can serve customers in a variety of configurations. The total number of transshipment facilities or warehouses and their regional distribution define the degree of centralization of a distribution network. Centralized networks with few warehouses enable lower overall stocks than decentralized ones, while decentralized networks can provide shorter lead-time to the customers [9] .
The definition of the optimal network structure is one of the main tasks of the strategic planning in logistics.
Since decentralized distribution networks are less transport-intensive than centralized ones, the major hypothesis of our study is that decentralized distribution networks are more efficient regarding overall logistics costs and CO 2 emissions than centralized ones when oil prices rise and vice versa (see Fig. 1 ).
This study deals with strategic network planning and supports practitioners by performing a numerical analysis for several centralization scenarios for a retail distribution model in Europe. Results provide insights in the sensitivity of the network to variations of the crude oil price, in terms of optimal network structure and the associated ecological footprint. Furthermore, results including the effect of goods value through capital cost of stock are discussed.
In the following sections, a review of the relevant literature and the research methodology are provided. Then, results are discussed.
Literature review
Logistics emerged in the 1960s and 1970s as an independent field of study and practice. It consolidated fragmented but related activities that included purchasing, material management and physical distribution [10] . Purchasing refers to the process of supplier selection, price negotiation and terms of delivery. Material management deals with the handling of raw and semi-finished goods from the receipt of goods to the shipment. Physical distribution refers to the distribution of goods to the customer or point of sale. The understanding of logistics developed from the function of goods transformation in space and time to a holistic management view including planning and controlling activities Fig. 1 Theoretical dependency of the optimal number of warehouses, logistics costs and oil price [11] . The goal of the management view of logistics is the streamlining of the entire business organization according to the flow of material and information [12] .
Green Logistics attempt to minimize the impact of logistics processes on natural resources by means of strategic and technical measures [13] . It became a part of logistic planning and operations since the early 1990s as awareness of environmental problems grew in our society [14] . The major incentives for environmental policies are rather tactically than strategically important. Legal demands, the control of environmental costs, social expectations and customer demands as well as minimization of liability are important incentives for greening logistics [15] .
In the last decade, research on the volatility of crude oil price and on its effect on transportation have received increasing attention. Hamilton examines the factors responsible for the fluctuation of crude oil prices [8] . As key features, he identifies low price elasticity of demand, the strong growth in demand from China, the Middle East and other newly industrialized economies, as well as the failure of global production to increase. In further research, he explores the effects of the run-up of oil prices between 2007 and 2008 and preliminary oil price shocks on the US economy [16] . Roeger [17] analyses the impact of the permanent oil price increase in the European Union considering output and inflation.
Diesel prices, as one key factor influencing transport costs within a logistic network, rise rapidly following an increase in the price of crude oil, but fall slowly after a decrease. The asymmetric response of petrol and diesel prices on the crude oil price has been the focus of numerous studies since 1990 [5, [18] [19] [20] [21] .
The subject of cost optimal configuration of logistic networks under the assumption of linear logistics costs is well researched [22] [23] [24] [25] [26] [27] [28] . Melkote and Daskin [28] combine the optimization of facility location and the underlying transportation network focusing on investment costs. Their results show that it is more cost-effective to invest in few facilities and many links at small investment levels. By increasing budget, they analyze that more facilities and fewer links are adequate. As a consequence, the transport costs decrease within the transportation network.
The number of papers that examine increasing fuel prices and their impact on a logistic network configuration is limited. Gosier et al. [29] examine the effect of rising prices of petroleum-based fuels on five supply chain functions: network strategy, sourcing and procurement, planning and forecasting, transportation, and distribution. Their research shows that increasing oil prices and therefore augmenting transportation costs influence the optimal location, number and size of distribution centers. Concerning the location of warehouses Cidell [30] shows that there is a tendency of spatial concentration and dispersion on the US market.
Simchi-Levi et al. [31] analyze supply chain changes due to risen crude oil prices. According to their research, companies try to reduce shipping times and costs by moving production closer to demand and by altering the optimal number of distribution centers in the supply chain structure.
Andreoli et al. [32] examine the relation between the rapid growth rate of the US warehousing establishments and the increasing fuel price, between 1998 and 2005. Rising oil prices and high volatility reduce the advantages (e.g., economies of scale) of mega distribution centers 2 and shift back advantages to regional distribution centers through the capitalization on differentials in fuel efficiency across transport modes.
The optimization of a logistics network by modifying the number, location and size of hubs has an impact on the network transport routes. On the other hand, transportation efforts within a logistic network have a strong correlation with its CO 2 emissions. Paksoy et al. [33] study a green supply chain network optimization problem by considering transportation costs and capacity allocation constraints in order to reduce the emission of CO 2 . Wang et al. [34] developed a green supply chain network design model. They analyzed that improving the capacity of the network and increasing the supply of the facilities can decrease both CO 2 emissions of the whole network and total costs.
Research methodology
Research is conducted with a model-based approach. A realistic retail distribution network in Europe is modeled for a set of fifteen scenarios. On one edge of the set, a centralized network with only one warehouse that serves all customers is modeled. On the other edge, a decentralized structure with fifteen warehouses spread over Europe is considered. Basic network data, such as sourcing network, customer footprint and customer demand, are common for all scenarios. As a consequence of the different number of warehouses and associated economies of scale, they differ in the stock level and in the rate applied for the storage costs. For each scenario, which includes one warehouse more than the previous one, the network is generated separately by optimizing transport costs. Afterward, overall logistics costs, which include transport, handling, storage and capital costs, are assessed for each scenario (see Fig. 2 ).
The modeling process begins with the generation of the set of fifteen scenarios based on the common basic network data. Then, the warehouses are located, and customers are allocated for each scenario through the optimization of transport costs. The optimization of transport costs is a two-step process. First, the geographical location of the warehouses on a continuous solution space and the allocation of customers are solved by the minimization of outbound transport cost with a heuristics based on Stolletz and Stolletz [35] . Therefore, the total demand is divided geographically into as many regions as warehouses are modeled. Each warehouse is located at the center of gravity of its demand region, considering the throughput to each customer weighted with the variable outbound transport costs, which are calculated on the basis of a given delivery frequency and the oil price-dependent transport tariffs. Afterward, the warehouses are linked to the source network through direct transports, and both a delivery frequency and a transport tariff are defined for each of them. Therefore, a subsequent mathematical optimization minimizes the total transport costs of the network, including inbound and outbound transport costs, by the possible relocation of the warehouses. Thus, higher inbound transport costs lead to the relocation of the warehouses near to the source, while higher outbound costs to their relocation near the customers.
In the next step, the stock level is calculated for each warehouse. In the end, overall logistics costs for each scenario are calculated and analyzed for varying oil prices, which translate in different transport tariffs. The total costs at several oil prices are then compared, in order to identify the most competitive network regarding the number of warehouses. Oil prices ranging from the all-time low between 1974 and 2010 (15 USD/bbl) [6] up to a hypothetic stress price (200 USD/bbl) are applied.
The emissions of carbon dioxide (CO 2 ) caused by inbound and outbound road transportation are calculated for each scenario and oil price in order to evaluate the impact of network redesign on the ecological footprint [36] .
The standard logistics planning software 4flow vista is applied for modeling, optimization, analysis and evaluation of the networks [37] . 4flow vista aims at the reduction of logistic costs, the improvement of performance and the establishing of sustainability through more accurate strategic design and tactical planning of complex logistic networks. 4flow vista supports decision making by the comparison of static scenarios, which reflect alternative approaches to achieve preliminary set objectives, for example, minimization of costs or greenhouse gas emissions. The approaches stem from best practices, numerical analysis and mathematical optimization of site location, goods allocation, transport concept, and transport frequency. Transport concepts comprise routing of transports, means of transportation and transport frequencies and allow the modeling of direct transports as well as pick-up and delivery tours [37] .
Model
The input to both the structure of the distribution network and the cost model are provided in the following sections. Fig. 3 ). A total demand of 7.2 million pallets per year is distributed according to the gross domestic product in the respective region, thus simulating typical customer demand [38] .
Each customer location is served exclusively by one warehouse through direct transports on a weekly basis. Homogeneous light trucks with a capacity of 2.7 tons and 30 pallets and a fuel consumption of 19.25 l per 100 km are used.
As to the sourcing side, intercontinental trade is assumed and the sourcing network is simplified to one source located at the seaport in Rotterdam, which receives the whole demand to be distributed. The source is linked to the optimized warehouses for each scenario through direct transports. These inbound transports serve the replenishment of the warehouses and have a weekly transport frequency. In this case, heavy trucks with a capacity of 24 tons and 60 pallets and a fuel consumption of 32.7 l per 100 km are used. By weekly transports between one source and one warehouse, the transport volumes are high enough to apply full-truck-load transport tariffs. For both inbound and outbound transports, the availability of trucks is not constrained.
The warehouses store and distribute the goods directly to pre-allocated customers. Their capacity is not constrained and, in accordance with a strategy of outsourcing warehouse operations, the facility size is assumed to be flexible according to needed capacity. Hence, the warehouse capacity depends on throughput and stock level.
Cost model
The cost model defines the parameters for the distribution network. Four types of costs are associated with the warehouses: capital costs for stock, storage costs, handling costs and costs for loading devices.
• Capital costs depend on the goods value in stock and are calculated with a yearly interest rate of 8%. The goods value is assumed to be 1,500 EUR/m 3 , which represents a medium value for goods in German retail. Thus, a total demand of 7.2 million pallets equal 10.8 billion EUR per year is served by the network. Both assumptions are based on empirical data.
• Storage costs account for used floor space according to warehouse throughput and stock level. The rate for the storage costs is specified as a weighted average of the storage prices for the top 10 European countries in accordance with GDP and amount 70.64 EUR per m 2 p.a. (see Table 1 ).
Stock is modeled for every warehouse based on safety and basic stock. The safety stock is calculated as to serve demand over 15 days. The level of the basic stock depends on the number of warehouses in the network and the customer demand per warehouse. Economies of scale are considered for the basic stock. The weekly throughput of each warehouse is weighted with the square root of the total number of warehouses in the network for basic stock calculation [9] .
• Handling costs account for handling processes at warehouses, and the rate is also weighted for the top 10 European countries in accordance with GDP. A mean time for warehousing processes per unit goods of 5.5 min is considered, which leads to following yearly handling costs per pallet in EUR (see Table 2 ).
• Costs for loading devices account for the number of pallets circulating in the network and result from overall demand. A European average price for the rent of equipment of yearly 7.5 EUR per pallet is considered. Two types of costs are associated with transports: Transport costs including equipment, personnel, fuel and other consumables, and capital costs for goods in transport. Oil price fluctuations affect the transportation costs through the fuel costs. Time-dependent factors such as persistency and flanking dynamic aspects are not part of this study.
• Transport costs are modeled in the network through transport tariffs, which are a fixed rate per distance unit. This enables a differentiation of means of transportation and a distance-based cost regression for inbound and outbound transports. The values for these transport tariffs are obtained from a cost function, which considers not only the oil price through fuel costs, but also fix, administration, personnel and running costs per distance unit. Furthermore, average toll costs of 0.17 EUR per km are charged on top. The structure of this function is based on a typical cost composition for trucks in Germany [39] . Light and heavy trucks, which serve inbound and outbound transports, respectively, are modeled with different cost functions in respect to their utilization (see Figs. 4, 5) . Following the logic of the top 10 European countries GDP, a weighted value for Europe is built up.
• Fuel costs are modeled through a linear regression between fuel prices and oil prices over the last 10 years in Europe. Therefore, different tax structures in European countries and the development of the exchange ratio between USD and EUR are taken into account (see Table 3 ).
Based on these cost structures, a given oil price is translated in a valid transport tariff for both inbound and outbound transports. The linear regression shows that an increment of the oil price by 100 USD/bbl causes an increment of 0.22 and 0.06 EUR/km for inbound and outbound transport costs, respectively (see Fig. 6 ).
The results for inbound transports are coherent with a previous study [31] , which presents similar results for the US market. By the same increase in the oil price, an increment of 0.4 USD/mile is expected. By a rough unit conversion, an equivalent of 0.2 EUR/km is obtained. Different modeling assumptions and particular market conditions lead to a slight difference between both results.
• Capital costs for goods at transport depend on transportation time and are calculated with the same interest rate as cost of capital for stock in the warehouses. Based on these cost parameters, transport costs are optimized, warehouses are located, and customers are allocated. Overall logistics costs are calculated for each scenario and serve as the main evaluation criterion for the network competitiveness.
Carbon emission model
The carbon emission model uses standard emission values for each truck type according to literature data (see Table 4 ).
The emissions are modeled as a function of traveled distance and truck utilization. Highly utilized transports thus cause fewer emissions per unit transported than transports with low utilization. Emissions caused by manufacturing processes, warehousing, premises and recycling are not taken into account. For each scenario, yearly CO 2 emissions are calculated. Due to the differences concerning average transport utilization, inbound and outbound transport processes are distinguished.
Results
The analyses of the model and the scenario runs provide three findings related to the influence of oil price on the structure of logistic networks. First, the optimal structure of the distribution network depends on the oil price. Second, traded goods value has considerable impact on the sensitivity of the network response to the oil price variation. Third, total CO 2 emissions are prone to the network structure, and thus, CO 2 savings by network restructuring are achievable.
Oil price dependency of the distribution network structure
The results show that the oil price dependency of the examined distribution network structure is given but limited to high oil prices. The most competitive degree of centralization reflected by the number of warehouses in the network remains constant within an oil price range from 15 to 150 USD/bbl. Thus, there is no necessity of a structural network adjustment considering oil prices that were effective between 1974 and 2009. A distribution network with six warehouses in Europe is the most competitive at current oil prices (91 USD/bbl) within the regarded setting as total logistic costs remain minimal (see Fig. 7 ).
However, there is a trend toward decentralization, with more warehouses, when oil prices rise above roughly 150 Data analysis indicates that another parameter affects the significance of the oil price influence on distribution networks. The value of traded goods modulates the sensitivity of the network response to the oil price variation. Mediumvalue goods with 1,500 EUR/m 3 evoke the above-mentioned behavior. The impact of the oil price on logistic networks for low-value goods (1,000 EUR/m 3 ) is of even less significance. Then, the degree of centralization is constant for an oil price range of 15-200 USD/bbl, with the most competitive network containing nine warehouses. In case of high-value goods (2,000 EUR/m 3 ), the opposite holds true. The oil price becomes an important factor for the competitiveness of logistic networks within the examined range of 15 up to 200 USD/bbl. While low prices favor centralized networks with three warehouses, high prices tend to promote a moderately decentralized network with six warehouses (see Fig. 8 ). The mean oil price on 2008 (91 USD/bbl) is used as reference for a middle price in the chosen range.
Impact on CO 2 emissions
The most competitive distribution network structure at low and moderate oil prices and traded goods value of 1,500 EUR/m 3 comprises 6 warehouses. The transport-related CO 2 emissions associated with this network structure amount 91,632 tons yearly. The network structure that is most competitive at high and very high oil prices above 150 USD/bbl contains 8 and 9 warehouses, respectively. The CO 2 emissions in these more decentralized network structures amount 85,799 and 84,783 tons yearly, respectively (see Fig. 9 ). CO 2 emissions are calculated separately for inbound and outbound transports due to the considerably varying emission values depending on the means of transportation and utilization.
Distribution network restructuring toward decentralized structures thus offer potential savings of 5,833 tons or 6.4% and 6,849 tons or 7.5% CO 2 , respectively. The CO 2 reduction is achieved mainly by the outbound transports, whereas emissions generated by inbound transports show a very slight difference between the network structures.
Discussion
The characteristic behavior of the model is that overall costs vary with the degree of centralization represented by the number of warehouses in the network and the value of traded goods. This is caused by two parameters with contrary dependency on the degree of centralization, transport costs and capital costs. Number of warehouses Centralized networks induce more transportation costs than decentralized ones since the routes are longer and truck utilization is usually worse on outbound than inbound transports. Thus, transportation costs decrease in the course of decentralization.
On the contrary, centralized networks with few warehouses require less stock in total than decentralized networks with many small-scale warehouses. This is because the latter can hardly benefit from economies of scale. Thus, capital costs and costs for storage space increase in decentralized networks as a result of increased stock level.
The value of traded goods directly affects the most competitive number of warehouses since capital costs for stock in warehouses arise from stock level and stock value. Total stock level in the network results from the number of warehouses. Thus, high-value goods favor networks with fewer warehouses, in order to avoid capital costs, without respect on the oil price level as capital costs are oil priceindependent. The same effect can be assumed for a change of the interest rate on stock of currently 8% in the model. Any rise of interests would increase the capital costs and render a centralized distribution network more competitive compared to a decentralized. Vice versa, network decentralization becomes more cost efficient in times of low interests.
The degree of centralization is not steadily dependent on oil price within the model although correlation of transportation costs and oil price is modeled as linear. This model behavior stems from the customer footprint, which is not uniformly spread over the map but match the economic power of European regions.
The CO 2 emissions of transportation depend on the degree of centralization of the network. The more warehouses are spread in the demand area, the less CO 2 is emitted. This is because decentralization reduces total traveled distance in outbound transport while increasing traveled distance in inbound transport. As truck utilization in inbound transports is better than in outbound transports, the total CO 2 emissions are reduced. Thus, decentralization of networks can contribute to Green Logistics. An environmentally sustainable network structure can even pay off and lead to lower total logistic costs in the scenario of rising oil prices.
As the oil price influence on logistics structure is limited within the regarded range, the necessity of fundamental changes in logistics networks in the course of rising oil prices is questionable and depends on the current maturity of the network. Outcomes of high oil prices such as a general drop of demand seem to be of greater importance for the logistics structure than the rise in transportation costs. Therefore, the increase in transportation costs by 0.22 EUR per kilometer per oil price rise of 100 USD/bbl has to be analyzed considering the overall transportation volume. In the year 2008, road transport in Germany covered a distance of over 31.4 billion kilometers. An increment of the oil price of 10 USD would mean for Germany an increase of around 690 million EUR in transportation costs per year.
Considerations on network restructuring are bound to limitations. Although existing logistics networks are often not in an optimized state concerning the location of warehouses, both disclosure and closure of warehouses are long-term operations associated with considerable investment in material and personnel. Furthermore, the persistency of the oil price level is vague and subject to erratic fluctuation. Consequently, decisions on network restructuring have to be taken according to the specific settings within the network and future outlook of the entire development. Equally, other impacts of carbon fuel consumption like CO 2 emission might be a more pressing issue than transportation costs.
Further research should address alternative investments, in order to investigate the worthiness of network restructuring. The influence of diversified production programs with locally customized products and the relevance of the location of multiple sources in the network should be regarded. Different alternative measures for the reduction of CO 2 emissions in logistics should be evaluated and compared in terms of effectiveness, cost and realization potential. It might even prove that measures in areas not related to logistics are much more efficient in the reduction of CO 2 emissions. Also, dynamic simulation of logistics network's behavior at fluctuating oil prices would provide further insight into benefits of network restructuring at high oil prices. For this purpose, the static model provides valuable results about oil price levels that are of concern for restructuring considerations.
